Response rates to cytotoxics in gastro-entero-pancreatic neuroendocrine tumors (GEP-NETs) vary; recent trials demonstrated lack of objective response rates in up to 70% of patients.
Introduction
Advances in treating solid tumors include molecular targeting agents and improved cytotoxic combinations. Nonetheless, most cytotoxics have short-lived effects, and inherent and/or acquired resistance gradually develops. Individualized therapy according to a patient's predictive markers analysis should optimize tailoring certain drugs. This approach is currently gaining popularity in patients with colorectal cancer (CRC) where KRAS mutations confer lack of benefit to monoclonal therapy against epidermal growth factor (EGF) receptor (Allegra et al. 2009 ). Again in CRC, the downstream regulator of EGF, PTEN, has been suggested to predict resistance to cetuximab in combination with irinotecan (Loupakis et al. 2009 ). Therapeutic responses to cytotoxics in patients with gastro-entero-pancreatic neuroendocrine tumors (GEP-NETs) vary with best responses attributable to streptozotocin-based regimens especially in pancreatic GEP (O'Toole et al. 2004 , O'Toole 2006 . Nonetheless, recent clinical trials have demonstrated lack of objective response rates in up to 60-70% of patients even with pancreatic tumors (O'Toole et al. 2004 ). Identification of markers predictive of tumor response would clearly be beneficial here. The corollary is also true as markers capable of identifying a lack of therapeutic benefit that would prevent the use of potentially harmful cytotoxics allowing patients to be selected for other therapeutics.
Markers such as the Ki-67 and p53 are associated with aggressive GEP-NETs but their influence on therapy is unknown. Several putative molecular markers predicting either sensitivity or resistance to oncological therapeutics have been proposed. The multidrug resistance protein and other ABC transporters have well-documented implications in cancer resistance, and attempts at modulating these drug transporters have met with some success (Modok et al. 2006) . Little is known of MDR1 in GEP tumors, although we recently found that MDR1 is associated with an aggressive phenotype in a gene expression profiling study in pancreatic GEP . High thymidylate synthase (TS) protein and mRNA expression have been associated with poor clinical outcome in patients treated with 5-fluorouracil (5-FU)-based protocols in esophageal (Harpole et al. 2001) , breast (Pestalozzi et al. 1997) , bladder (Mizutani et al. 2001) , and non-small cell lung cancers (Huang et al. 2000) . The same has been applied to CRC, although with conflicting results (Lurje et al. 2009 ). Similarly, the protein kinase Akt, an important player in phosphatidylinositol-3 kinase activation (cell proliferation, growth, and survival), has been identified as a possible maker of response and survival in some tumors. pAkt has been associated with disease progression and survival in patients with melanoma (Dhawan et al. 2002) . Chemotherapy-induced Akt has been found to confer acquired resistance in many cellular systems (Huang & Hung 2009 ). Hypoxiaregulating proteins have also been implicated in poor response to therapy and more aggressive tumor behavior in some cancers. In breast cancer, both the hypoxia-inducible factor (HIF)-1a and CA9 were associated with aggressive tumors and CA9-positive phenotype with a poor response to therapy in a subset of cancers (Tan et al. 2009 ). In a non-small cell lung cancer model, chemoresistance to doxorubicin has been partially mediated via enhancement of HIF-1amediated angiogenesis (Mi et al. 2008) . We have recently demonstrated that HIF-regulatory proteins are highly expressed in pancreatic GEP, and are correlated with tumor metastases, recurrence, and prognosis (Couvelard et al. 2005 (Couvelard et al. , 2008 . Mismatch repair deficiency proteins (hLMH1 and heat shock proteins) have been associated with drug resistance to doxorubicin and cisplatin: hLMH1 was correlated with an aggressive phenotype in gastric cancers (Kitajima et al. 2003) , and has been associated with resistance to chemotherapy in germ cell tumors (Honecker et al. 2009 ) and poor response to adjuvant 5-FU in patients with CRC (Ide et al. 2008) . Similarly, Bcl-2 has been reported to confer cytotoxic drug resistance in patients with CRC (Bendardaf et al. 2008) .
We examine a number of selected markers with known or suspected involvement in predicting response to cytotoxics in a group of patients treated with inoperable advanced and/or metastatic GEP-NET.
Methods

Patients
Patients treated at a single institution were included through an institutional review board approved protocol where patients provide informed consent for the use of medical records, biospecimens, and clinical outcome data for medical research purposes. Medical and/or clinical trial records were used to obtain demographic and treatment information as well as to assess response to chemotherapy. Sixty patients whose tissue biopsy specimens and complete follow-up data were available were included (Table 1 ). All patients had been reviewed at a multidisciplinary tumor board (MTB), and had advanced or metastatic GEP tumors prior to commencing chemotherapy (primary site, Table 1 ). Tissue samples included either fine core liver biopsies or surgically obtained wedge samples.
Chemotherapy
The chemotherapy regimen was based on tumor differentiation and site of primary tumor as part of the MTB. Cytotoxics for patients with well-differentiated tumors included streptozotocin with either doxorubicin or 5-FU, nZ32; or intra-arterial chemoembolization in 12 patients with liver metastases as the only disease site using either streptozotocin (nZ7) or doxorubicin (nZ5). Etoposide and cisplatin (nZ16) were used for all patients with poorly differentiated tumors and in addition in three with well-differentiated carcinomas due to a high Ki-67 and an aggressive clinical nature (Rindi et al. 2006 (Rindi et al. , 2007 . Patients receiving etoposide and cisplatinum always had this doublet, and therefore, analysis of these molecules independently was not possible.
Response to therapy
Response to therapy was defined following first-line treatment after completion of a first full course (WHO criteria), i.e. four cycles of streptozotocin with either doxorubicin or 5-FU at 6 weekly intervals; four cycles of etoposide and cisplatinum at 4 weekly intervals; and following a single chemoembolization 3 months following therapy. For purpose of analysis in this paper, patients with a complete or partial response were grouped as responders, whereas patients with stabilization or progression were grouped as nonresponders. Patients who progressed during the first chemotherapy course were deemed nonresponders.
Evaluation of tumor marker
Archival GEP tumor tissue specimens were identified through a review of pathology records. Paraffin sections (4 mm) were used for immunohistochemical staining.
Two pathologists reviewed the slides and reached consensus for marking and scoring; pathologists were blinded to all clinical and patient outcomes.
Antibodies and immunohistochemical techniques
All antibodies are reactive in paraffin-embedded sections ( Table 2) . Immunostaining of paraffin sections was performed after dewaxing and rehydrating slides. Antigen retrieval was conducted by pretreatment with high temperature. An automatized technique (Streptavidin peroxidase with an automated Ventana Benchmark, Ventana Medical Systems, Tucson, AZ, USA) was used for the detection of all molecules.
Ki-67
In resected specimens, Ki-67 was calculated in an area of high staining, chosen at a low optical power (!10), in three high-power fields (!40) containing at least 2000 cells (Rindi et al. 2006 (Rindi et al. , 2007 . In biopsy specimens, it was calculated in the entire surface of the specimen. The median Ki-67 was 4.5, and high values were thus considered above 5%.
Microvascular density (MVD)
Quantification of microvessel density was performed using cluster of differentiation 34 (CD34) antibody. In resection specimens, it was calculated in hot spots, whereas in biopsies it was calculated in the entire fragment (which represented at least two high power fields, objective !40, 0.5 mm 2 ). In five biopsies, counting was not feasible because the surface was !0.5 mm 2 . Vessels with a clearly defined lumen or well-defined linear vessel shape were taken into account. The median value was 100, and values higher than this were considered as high.
Scoring methods
For other antibodies tested, immunohistochemistry was evaluated by semiquantitative manner. A score was obtained by multiplying the intensity (negative score as 0, weak score as 1, and strong score as 2) by percentage of stained cells (0-100%). A median score was calculated for each protein, and tumors with a score greater than the median value were considered at high protein expression. For p53, a score O5 was considered at high protein expression. Staining of stroma and microvessels was also recorded as negative or positive. 
Results
Differentiation and grading
There were 47 well-differentiated and 13 poorly differentiated carcinomas. When the recently proposed tumor, node, metastasis (TNM) classification and grading system (Rindi et al. 2006 (Rindi et al. , 2007 were applied, 24 patients had grade 1, 23 had grade 2, and 13 had grade 3.
Expression of markers
Ki-67 Ki-67 ranged from 0 to 90% (median: 4.5; mean: 14.3; Fig. 1a ); 50% of tumors had high Ki-67. High Ki-67 correlated with poorly differentiated tumors (P!0.001).
Microvessel MVD ranged from 0 to 350 vessels/mm 2 (median: 100; mean: 126; Fig. 1b ); 42% had high expression. MVD was higher in tumors of grade G 2 /G 3 compared with G 1 tumors (PZ0.02).
p53
The nuclear score ranged from 0 to 200 (median: 0; mean: 18.8); 24% had high nuclear expression ( Fig. 1c ). There was no expression of p53 in cytoplasm, stroma, or vessels. High p53 correlated with poorly differentiated tumors (P!0.001) and grade G 2 /G 3 tumors (P!0.001).
HIF-1a
The nuclear score ranged from 0 to 80 (median: 57.5; mean: 11.6); 27% had high expression ( Fig. 1d ).
There was no expression of HIF-1a in cytoplasm, stroma, or vessels. Higher HIF-1a correlated with poorly differentiated (P!0.001) and grade G 2 /G 3 tumors (PZ0.004).
VEGF
The cytoplasmic score ranged from 0 to 200 (median: 50; mean: 136; Fig. 1e ); 45% had high staining. There was no expression of VEGF in nuclei or stroma. Some vessels were positive but this was ignored. No correlation with tumor grade or differentiation was noted.
Akt
The cytoplasmic score ranged from 0 to 200 (median: 100; mean: 126; Fig. 1f ); 46% were considered high. There was no expression of Akt in nuclei, stroma, or vessels. Some vessels were positive but this was not taken into account. Higher Akt correlated with poorly differentiated tumours (PZ0.01). 
CA9
CA9 expression was both cytoplasmic and membranous. Its score ranged from 0 to 200 (median: 57; mean: 106); 50% had high expression ( Fig. 1g ). There was no expression of CA9 on tumor cell nuclei. Some CA9 expression was detected on the stroma or vessels but this was not taken into account. Higher CA9 correlated with poorly differentiated tumors (PZ0.04) and grade G 2 /G 3 tumors (PZ0.004).
Bcl-2
The cytoplasmic score ranged from 0 to 200 (median: 0; mean: 9); 14% were considered as high expression ( Fig. 1h ). There was no expression of Bcl-2 in nuclei, stroma, or vessels. There was no correlation with tumor grade or differentiation.
MDR1
The MDR1 staining was cytoplasmic, either diffuse (Fig. 1i) or punctiform, and highlighted the Golgi apparatus. The cytoplasmic score ranged from 0 to 200 (median: 100; mean: 108.5); 37% were considered as high expression. There was no expression of MDR1 in nuclei, stroma, or vessels. There was no correlation with tumor grade or differentiation.
PTEN
The cytoplasmic and nuclear scores ranged from 0 to 200 (median: 55; mean: 71.3) and from 0 to 200 (median: 0; mean: 17.9) respectively (Fig. 1j ); 50 and 27% were considered as high cytoplasmic or nuclear expression respectively. There was no expression of PTEN on stroma or vessels. PTEN cytoplasmic correlated with higher tumor grade (PZ0.02). PTEN nuclear did not correlate with either tumor grade or differentiation.
Thymidylate synthase
The cytoplasmic and nuclear scores ranged from 0 to 200 (median: 100; mean: 84.16) and from 0 to 200 (median: 30; mean: 56.12) respectively (Fig. 1k) ; 16.6 and 48% were considered as high cytoplasmic or nuclear expression respectively. There was no expression of TS in stroma or vessel. There was no correlation with tumor grade or differentiation.
hMLH1
The cytoplasmic and nuclear scores ranged from 0 to 200 (median: 55; mean: 71.33) and from 0 to 200 (median: 0; mean: 17.92) respectively (Fig. 1l) ; 50 and 28.3% were considered as high cytoplasmic or nuclear Figure 1 Immunohistochemical expression of the 12 markers in gastro-entero-pancreatic tumors. (a) Ki-67 nuclear expression was positive in 2% of tumor cell in this well-differentiated tumor. (b) CD34 identifies some capillary vessels (arrows) in this well-differentiated tumors, which was considered at low microvessel density. (c) p53 nuclear expression is high in this tumor: it is expressed by more than 80% of tumor cells. (d) HIF-1a nuclear expression is strongly detected around necrosis (N) in this aggressive and mitotic, moderately differentiated tumor. (e) VEGF is diffusely and moderately expressed in a well-differentiated tumor. (f) Cytoplasmic expression of Akt is diffused in this tumor. Akt is not expressed by the tumor stroma. (g) CA9 expression is very strong and membranous in this tumor. (h) Cytoplasmic expression of Bcl-2 is moderate, detected in more than 50% of tumor cells. (i) MDR1 staining is cytoplasmic and diffused in tumor cells. In contrast, a pancreatic duct is strongly detected with a membranous staining (arrow). (j) PTEN expression is strong and cytoplasmic in this tumor. It is not expressed in the adjacent liver (L). (k) Cytoplasmic expression of thymidylate synthase is faint in most tumor cells, whereas nuclear expression is strong in 5% of tumor cells. (l) hMLH1 is faintly detected in both the cytoplasm and the nucleus of most tumor cells.
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Response to chemotherapy and chemoembolization
Thirty-seven patients received streptozotocin; similarly, 19 received doxorubicin and 18 had 5-FU. Sixteen patients had the combination of etoposide/cisplatinum. Following one course of chemotherapy responders included streptozotocin (8), doxorubicin (8), 5-FU (2), and etoposide/cisplatinum (5). For the entire group, Akt was predictive of a nonresponse to treatment and PTEN to a positive response to therapy at univariate analysis (PZ0.05 and 0.05 respectively). Mean high expression of the following predicted a lack of response to the following cytotoxics (Table 2) : streptozotocin, Akt (PZ0.07); doxorubicin, Ki-67 (PZ0.05), Akt (PZ0.06) and CA9 (PZ0.02). Mean high expression of TS (PZ0.02) and PTEN (PZ0.017) was associated with a response to streptozotocin. No markers were significant for treatment with 5-FU. For well-differentiated tumors, high mean Akt expression (P!0.03) was associated with a nonresponse to chemotherapy regardless of type of treatment; using multivariate analysis, only high Akt expression significantly predicted a nonresponse to therapy (OR: 0.2 (0.05-0.8)).
Response to systemic chemotherapy
When analysis was restricted to patients receiving systemic chemotherapy alone (nZ48), expression of PTEN (PZ0.04) and hLMH1 (PZ0.03) correlated with response to treatment, whereas Ki-67 (PZ0.01) and p53 (PZ0.06) expressions were associated with a lack of response or progression to therapy. High mean PTEN and hLMH1 expressions were respectively associated with a response to therapy in patients receiving streptozotocin (PZ0.008) and doxorubicin (PZ0.09). Weak expression of Akt (0.09) and CA9 (PZ0.09) was associated with a response to doxorubicin. Ki-67 (PZ0.006) and p53 (0.06) expressions were associated with progressive disease to streptozotocin. Similarly, to the entire cohort, no markers were associated with a response to 5-FU, although lack of response was associated with Ki-67 (PZ0.004), MDR (PZ0.04), and p53 (PZ0.06).
Survival (prognostic biomarkers)
At the time of analysis, 31 (51.7%) patients had died of disease (Fig. 2a ). The median survival for patients with well-differentiated and poorly differentiated tumors was 110 months (0-155) and 13 months (0-112) respectively. Survival rates at 1, 3, and 5 years were respectively as follows: 90, 70, and 56%. For the overall cohort, a number of markers were associated with overall survival (Figs 2 and 3) : Ki-67, P!0.001; tumor grade, P!0.001; tumor differentiation, P!0.001; CA9, PZ0.004; Akt, PZ0.01; HIF-1, P!0.001; p53, P!0.0001; and cythMLH1, PZ0.005. For welldifferentiated tumors (nZ47), Ki-67 proliferation index (PZ0.01) and tumor grade (P!0.001) were significantly associated with survival ( Fig. 3 ).
Discussion
While GEP tumors have a reputation for having an indolent nature, overall 5-year survival for welldifferentiated metastatic disease is usually !40%, especially with progressive hepatic metastases (Steinmuller et al. 2008) . Here, we confirm the interest of Ki-67 as a prognostic biomarker as it was significantly associated with survival both in the entire cohort and separately in well-differentiated tumors. Survival was also predicted by the grading system proposed in the TNM/grading classification by ENETS (Rindi et al. 2006 (Rindi et al. , 2007 . Grading was associated with survival in a number of recent studies in pancreatic GEP (Pape et al. 2008 , La Rosa et al. 2009 ); however, it also appears useful in a wider range of GEP and even when restricted to well-differentiated tumors. Similarly, p53 correlated with tumor differentiation, grade, and survival. Hypoxia-regulating proteins have been implicated in aggressive tumor phenotypes and poor response to therapy. Both HIF-1a and CA9 significantly correlated with poorly differentiated and G 2 /G 3 tumors. Recent data from our group revealed both HIF-1a and CA9 as poor prognostic markers in pancreatic GEP (Couvelard et al. 2005 (Couvelard et al. , 2008 , and here, we show that these markers are also applicable in predicting survival to GEP from intestinal origin. Interestingly, the MMR protein, hLMH1, was associated with an aggressive phenotype in our cohort of patients, and was also associated with a response to treatment with in patients receiving systemic chemotherapy (PZ0.03) as has been described in other solid tumors (Kitajima et al. 2003 , Ide et al. 2008 , Honecker et al. 2009 ). Identification of markers capable of predicting responders or nonresponders to therapy could allow for a tailored approach to therapy and avoid use of potential toxic protocols in predictable nonresponders. Indeed, such an approach was recently described in pancreatic GEP where a low level O6-methylguanine-DNA methyltransferase (MGMT), a key enzyme in DNA repair, was suggested to be responsible for the lack of response to temozolamide (Kulke et al. 2009 ). Further studies examining MGMT status are currently underway. Here, 5 of 12 markers were significantly associated with a response to cytotoxics in welldifferentiated tumors. Akt was associated with a lack of response to either streptozotocin or doxorubicin in the entire cohort. Interestingly, Akt status appears quite important, as it remained correlated with response regardless of the differentiation status. Similar to previous reports in other tumors (Dhawan et al. 2002) , Akt was also found to predict survival. Chemotherapyinduced activation of Akt has been reported to confer resistance to treatment in some cellular systems (Huang & Hung 2009 ). However, this appears to be a complex system as recently in two NET cell lines treated with the mammalian target of rapamycin (mTOR) inhibitor rapamycin; Akt was found to be induced despite significant inhibition of cellular proliferation (Moreno et al. 2008) . When analysis was restricted to systemic chemotherapy alone, lack of Akt expression remained correlated with response to doxorubicin.
Little data are available for PTEN in GEP tumors, which acts as part of the PTEN/Akt pathway, and have been implicated in cancerogenesis in many tumors (Blanco-Aparicio et al. 2007 ). Most carcinoids express PTEN but over half of poorly differentiated GEP demonstrate loss of PTEN (Wang et al. 2002) , and altered subcellular localization of PTEN has also been reported in islet cell carcinoma (Perren et al. 2000) . In this study, cytoplasmic PTEN expression was associated with a response to therapy in the entire patient cohort (PZ0.05), and this association was maintained when confined to patients receiving only systemic chemotherapy (PZ0.04). PTEN expression was specifically associated with a favorable outcome in patients receiving streptozotocin.
Although high TS has predicted poor response to therapy in a range of tumors (Pestalozzi et al. 1997 , Huang et al. 2000 , Harpole et al. 2001 , Mizutani et al. 2001 , Lurje et al. 2009 ), little is known of its possible role as a therapeutic marker in GEPs. Recently, in Endocrine-Related Cancer (2010) 17 847-856 www.endocrinology-journals.org patients with well-differentiated GEP treated with 5-FU, high TS mRNA levels were associated with shorter time to progression and overall survival (Ceppi et al. 2008) . We demonstrated that high TS was associated with poor treatment response to streptozotocin but not to 5-FU. In fact, when 5-FU was considered independently, none of the markers tested were significant (however, only 2 of 18 patient responders to 5-FU-based chemotherapy in our study may explain this result). While chemoresistance to doxorubicin has been associated with induction of HIF-1a-mediated angiogenesis in certain cellular systems (Mi et al. 2008) , this factor was not associated with a response to therapy in this study. Nonetheless, a closely related hypoxia factor, CA9, was associated with a poor response to doxorubicin in the overall cohort (PZ0.02) and in patients receiving only systemic chemotherapy (PZ0.07). Ki-67 proliferation index was associated with a response to doxorubicin in the entire cohort of patients and along with p53 were negatively correlated with response to therapy in patients treated with systemic therapy alone. While Ki-67 has traditionally been recognized as a modest prognostic factor, recent neoadjuvant studies in breast cancer suggest that on-treatment measurement may be a more effective predictor of treatment efficacy for both endocrine treatment and chemotherapy (Dowsett & Dunbier 2008 , Miglietta et al. 2009 ). Using tissue arrays, we previously found a differential expression of MDR1 in metastatic versus nonmetastatic pancreatic GEP (PZ0.0003; Couvelard et al. 2006) . In this study, MDR1 was not correlated with tumor grade or differentiation, although its expression was associated with lack of response to 5-FU in those receiving systemic chemotherapy (Table 3) . It is important to address the potential weaknesses of this study. 1) The fact that some patients received chemoembolization with either streptozotocin or doxorubicin introduces heterogeneity; however, we attempted to adjust for this by performing an independent analysis in patients receiving only systemic chemotherapy. Indeed, embolization on its own can lead to reasonable response rates, and we cannot exclude the possibility that some of our markers may indicate an hypoxic or angiogenic phenotype in relation to embolization. However, of the factors examined related to angiogenesis (Akt, VEGF, HIF-1a, CD34, and CA9), only Akt and CA9 appeared important here. 2) The number of patients in the entire cohort and those receiving systemic chemotherapy alone are low and drawing substantial conclusions regarding reliable bio-predictors to cytotoxics should be cautioned, and further studies are required to confirm these results. The significance of markers with marginal P values may become more apparent with a much larger group of patients; however, performing such studies in GEP patient populations are not easy due to their heterogeneity and relative rarity.
In conclusion, our results indicate a number of new prognostic biomarkers in GEP tumors. Additionally, we reveal for the first time that a number of biomarkers reveal potential interest in predicting response to chemotherapy in advanced or metastatic GEP, independently of their site of origin. Further studies using markers associated with a response to therapy such as CA9, Akt, PTEN, TS, and hLMH1 need to be applied and tested prospectively, preferable in a randomized setting, examining outcomes to current cytotoxic protocols.
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